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Abstract
NO is an important regulatory molecule in eukaryotes. Much of its effect is ascribed to the action of NO as
a signalling molecule. However, NO can also directly modify proteins thus affecting their activities. Although the
signalling functions of NO are relatively well recognized in plants, very little is known about its potential inﬂuence on
the structural integrity of plant cells. In this study, the reorganization of the actin cytoskeleton, and the recycling of
wall polysaccharides in plants via the endocytic pathway in the presence of NO or NO-modulating substances were
analysed. The actin cytoskeleton and endocytosis in maize (Zea mays) root apices were visualized with ﬂuorescence
immunocytochemistry. The organization of the actin cytoskeleton is modulated via NO levels and the extent of such
modulation is cell-type speciﬁc. In endodermis cells, actin cables change their orientation from longitudinal to
oblique and cellular cross-wall domains become actin-depleted/depolymerized. The reaction is reversible and
depends on the type of NO donor. Actin-dependent vesicle trafﬁcking is also affected. This was demonstrated
through the analysis of recycled wall material transported to newly-formed cell plates and BFA compartments.
Therefore, it is concluded that, in plant cells, NO affects the functioning of the actin cytoskeleton and actin-
dependent processes. Mechanisms for the reorganization of the actin cytoskeleton are cell-type speciﬁc, and such
rearrangements might selectively impinge on the functioning of various cellular domains. Thus, the dynamic actin
cytoskeleton could be considered as a downstream effector of NO signalling in cells of root apices.
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Introduction
Nitric oxide (NO) is a multifunctional ancient signalling
molecule active in all organisms, from bacteria to higher
plants and mammals (Stamler et al.,1 9 9 2 ) .A l t h o u g ht h e
history of research on NO signalling in plants is spread over
only a few years, the number of processes and physiological
responses found to be regulated and mediated by NO is
breathtaking (reviewed by Wojtaszek, 2000; Lamattina et al.,
2003; Neill et al., 2003; Wendehenne et al., 2004; Arasimo-
wicz and Floryszak-Wieczorek, 2007). NO is involved, for
example, in defence reactions (reviewed by Hong et al.,
2008), tropisms (Hu et al., 2005), ﬂowering (He et al.,2 0 0 4 ) ,
regulation of stomatal aperture (reviewed by Neill et al.,
2008a), xylem formation (Gabaldo ´n et al., 2005), and stress
response and adaptation (Valderrama et al.,2 0 0 7 ) .
In general, cellular responses can be evoked by two different,
but non-exclusive, NO-dependent mechanisms. NO can
* These authors contributed equally to the ﬁnal shape of the paper.
y To whom correspondence should be addressed: E-mail: przemow@amu.edu.pl
Abbreviations: 8-Br-cGMP, 8-bromoguanosine 3#,5#-cyclic monophosphate; BFA, Brefeldin A; cPTIO, 2-(4-carboxyphenyl)-4,4,5,5,-tetramethylimidazoline-1-oxyl-
3-oxide; GFP, green ﬂuorescent protein; GSNO, S-nitrosoglutathione; L-NMMA, N
G-methyl-L-arginine; ODQ, 1-H-(1,2,4)-oxadiazolo-[4,3-a]quinoxalin-1-one; RGII,
rhamnogalacturonan II; RT, room temperature; SAP, S-acetyl-DL-penicillamine; SIN-1, morpholine sydnonimine; SNAP, S-nitroso-N-acetyl-DL-penicillamine; WMC,
cell wall–plasma membrane–cytoskeleton.
ª 2009 The Author(s).
This is an Open Access article distributed under the terms of the Creative Commons Attribution Non-Commercial License (http://creativecommons.org/licenses/by-
nc/2.0/uk/) which permits unrestricted non-commercial use, distribution, and reproduction in any medium, provided the original work is properly cited.interfere with the functioning of signal transduction pathways
or can modify proteins structurally via the direct addition of
the NO molecule itself or NO-derived molecules (Kone, 2006;
Sawa et al., 2007) to amino acids or protein cofactors.
Similarly to the situation in animals (Wendehenne et al.,
2001), the NO signal transduction pathway is mediated by the
activation of cGMP synthesis, changes in cytosolic Ca
2+
concentrations, and activation of various protein kinases
(Neill et al., 2003; Arasimowicz and Floryszak-Wieczorek,
2007). These secondary messengers are active, for example, in
the guard cells of stomata showing complex cross-talks with
ABA and H2O2 signalling pathways (reviewed by Neill et al.,
2008a); in roots during adventitious (Pagnussat et al.,2 0 0 3 ,
2004; Lanteri et al., 2006) and lateral (Correa-Aragunde et al.,
2006) root formation where they cross-talk with the auxin
signalling pathway; and in tip-growth of rhizoids of fern
Ceratopteris richardii (Salmi et al., 2007) as well as of plant
root hairs and pollen tubes (Prado et al., 2004; Lombardo
et al., 2006). Recent data suggest that phospholipids, parti-
cularly phosphatidic acid, might also be an important com-
ponent of the NO signalling pathways (Laxalt et al.,2 0 0 7 ;
DiSte ´fano et al., 2008; Lanteri et al., 2008).
The most common structural modiﬁcations of proteins by
NO are S-nitrosylation of cysteine residues (Hess et al.,
2005), and nitration of aromatic amino acids, usually
tyrosines (Monteiro, 2002). It is now thought that NO is
part of a universal redox-based signalling mechanism and
such alterations could be regarded as important post-trans-
lational modiﬁcations (Stamler et al., 2001; Wang et al.,
2006b). Not much is known about them in plants. Pioneer-
ing proteomic identiﬁcations of S-nitrosylated proteins have
already been undertaken, providing some interesting clues
for NO action in plant growth and development (Linder-
mayr et al., 2005), and in defence responses (Romero-
Puertas et al., 2008).
Cytoskeletal proteins seem to be good candidates for NO-
dependent regulatory mechanisms. NO-related structural
modiﬁcations, affecting protein–protein interactions, could
be very important here. Indeed, in animal cells, tubulin
(Tedeschi et al., 2005), tubulin-associated proteins (Stroiss-
nigg et al., 2007) and actin (Banan et al., 2001; Ke et al.,
2001; Aslan et al., 2003) have been shown to be potential
targets for NO. Similarly, some actin-dependent processes,
like vesicle trafﬁcking (Matsushita et al., 2003; Wang et al.,
2006a; Kang-Decker et al., 2007), have been shown to be
affected by NO. As for the plant cytoskeleton, only a few
effects, based on proteomic data (Lindermayr et al., 2005),
have been suggested. In this study, it was decided to take
a closer look at the relationship between NO and the
functioning of the actin cytoskeleton in plants. It is reported
that the organization of the actin cytoskeleton is modulated
via NO levels in maize (Zea mays) root apices, and that the
extent of such modulation is cell-type and developmental
stage-speciﬁc. Some of the consequences of the NO-
dependent actin rearrangements were also investigated
further, focusing on endocytosis. It is demonstrated that in
maize root apices actin-dependent endocytosis is also mod-
ulated by exogenous NO.
Materials and methods
Plant material
Maize (Zea mays L. cv. Careca S230) caryopses were
imbibed under running tap water for 16 h and germinated
in moistened rolls of ﬁlter paper for 2 d at 25  C in the
dark.
Chemicals and stock solutions
All chemicals were from Sigma-Aldrich unless otherwise
stated. Five mM sodium acetate buffer pH 5.8 (NaOAc)
was used as a control as well as a solvent for all treatments.
SNAP (Molecular Probes) and its inactive analogue SAP,
GSNO, spermine NONOate, SIN-1, cPTIO, L-NMMA, and
8-Br-cGMP were dissolved in 5 mM NaOAc just before
application to obtain 5 mM stocks. For Brefeldin A and for
NaNO2, 35 mM and 100 mM stock solutions were used.
ODQ was reconstituted in DMSO as a 10 mM stock
solution. For the analyses of the effects evoked by reactive
oxygen species, the glucose/glucose oxidase (191 U mg
 1;
Fluka) system was used with stock solutions of 50 mM
glucose in water, and 0.25 U ll
 1 glucose oxidase in 5 mM
NaOAc.
Experimental layout
All experiments were carried out using the layout described
by Wojtaszek et al. (2005). Brieﬂy, apical root segments, 4–6
mm, were excised from straight, 40–70 mm long, primary
roots and fully submerged in deionized water. They were
kept at room temperature (RT) on a rotary shaker until the
start of the experiment. Following aspiration of water, root
apices (15–20 per treatment) were transferred to 35 mm
Petri dishes containing 5 mM NaOAc. After the addition of
respective chemicals, root apices were inﬁltrated under
vacuum for 90 s (time-point zero). They were then placed
again on a rotary shaker set at 70 rpm and incubated for
the time indicated in dim light at RT. Four root segments
per treatment were removed at time-points 30 min, 2 h, and
5 h and processed for immunoﬂuorescence microscopy. For
the experiment showing time-lapse inﬂuence of SNAP on
actin cytoskeleton, SNAP was re-added at time-points 2 h
and 4 h. Root segments were incubated for additional 2 h
and processed as above.
For the experiments utilizing BFA, where the relative
timing of addition of BFA and SNAP was important,
application of the NO donor was considered as time-point
zero. Experimental variants were designed where BFA was
added at various time points in relation to time-point zero:
an hour before, at the same time, or an hour after SNAP
application. Samples were collected and processed as above.
Immunocytochemistry
Excised root segments were processed for immunoﬂuores-
cence microscopy according to Wojtaszek et al. (2005).
Following dehydration in a graded ethanol series diluted
with phosphate-buffered saline (PBS), root segments were
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et al. 1992). For immunolabelling, 10 lm sections were
incubated for 1 h at RT with anti-maize-pollen-actin poly-
clonal antibody (Balus ˇka et al.,2 0 0 1 a) or anti-RG II-B-RG
II polyclonal antibody (Matoh et al., 1998) diluted 1:100 with
PBS containing 0.1% (w/v) BSA. Following rinsing with PBS
(10 min), sections were incubated for 1 h at RT with goat
anti-rabbit IgG, (Fab’)2 fragments conjugated with ﬂuores-
cein isothiocyanate, diluted 1:100 with PBS containing 0.1%
BSA. A further wash with PBS (10 min) preceded a 10 min
staining with 4#,6-diamino-2-phenylindole dihydrochloride
(DAPI; 100 lM in PBS). Following rinsing in PBS (10 min),
sections were treated for 10 min with 0.01% (w/v) toluidine
blue in PBS. Mounting was done using anti-fading reagent
based on p-phenylenediamine (Balus ˇka et al.,1 9 9 2 ) .S e c t i o n s
were examined with a Zeiss Axiovert 405M inverted micro-
scope equipped with epiﬂuorescence and standard FITC
excitation and barrier ﬁlters (BP 450–490, LP 520). Images
were acquired using a Zeiss AxioCam HRc camera operating
under AxioVision 3.1 software, and further processed using
Adobe PhotoShop. Enhancement of images was performed
with Iterative Deconvolution tool for ImageJ software
(http://rsb.info.nih.gov/ij/).
Measurements and statistical analysis
Images were analysed with ImageJ software (http://rsb.info.
nih.gov/ij/). For statistical analysis, measurements for each
experimental variant were performed in duplicate on 50
randomly selected cortex cells from the root transition zone.
The areas of cells and BFA compartments were free-hand
traced and measured, and number of compartments per cell
was counted. All vesicular structures visible after labelling
with anti-(RG II-B-RG II) antibodies under ﬂuorescence
microscope were considered as BFA compartments. Finally,
for each cell, the percentage of cell area covered by BFA
compartments was estimated. The statistical analyses were
performed with STATISTICA ver. 7.1 software (StatSoft).
Due to non-normality within treatments and to variance
inequality among treatments, data were analysed by the non-
parametric tests on ranks. Pairwise and multiple comparisons
among experimental variants were consequently executed to
test whether treatments varied from each other by one-way
analysis of variance according to Kruskal–Wallis. Compari-
son between control cells (BFA-treated) and test cells
(SNAP-treated) was performed using Mann-Whitney U test.
A probability of P <0.01 was considered as representing
a signiﬁcant difference in this study. All data given are means
6SE.
Results
The importance of NO donor identity
To analyse the changes in the organization of the actin
cytoskeleton, several donors were tested. These compounds
differ in their mode of action and type of molecules released.
S-nitrosoglutathione (GSNO) and S-nitroso-N-acetyl-DL-
penicillamine (SNAP) release the NO radical (
dNO) sponta-
neously in aqueous solutions at a pH of about 7. Although
GSNO is more stable than SNAP, it is the latter which is
much more effective in releasing NO, both in vitro and in vivo
(Floryszak-Wieczorek et al., 2006). As an additional control,
S-acetyl-DL-penicillamine (SAP), not carrying a nitrosyl
group, was used as an inactive analogue of SNAP. Spermine
NONOate is another relatively stable NO donor, but it
differs from the former in that it dissociates in aqueous
solutions to release two NO molecules. Two other systems
have been tested to check the putative involvement of other
reactive species. During the course of decomposition, mor-
pholine sydnonimine (SIN-1) ﬁrst releases superoxide (ıNO2
ı)
and then NO. Thus, in addition, a typical ROS-generating
system, glucose oxidase+glucose (GO+Glc), was also used.
Sodium nitroprusside, commonly applied as an NO donor,
was not tested as it appears to be a rather ineffective NO-
donor (Murgia et al., 2004; Lindermayr et al.,2 0 0 5 ;
Floryszak-Wieczorek et al., 2006), and, more importantly, it
generates nitrosonium cations (Wojtaszek, 2000), which
might lead to effects opposite to that evoked by donors
releasing NO radicals (Murgia et al.,2 0 0 4 ) .
The transition zone at the maize root apex seems to be
the most sensitive to the application of donors. Compara-
tive analysis revealed, however, that the effects evoked by
various compounds were rather complex and variable. Cells
differentiating into the endodermal layer demonstrated the
most profound changes in the organization of actin
cytoskeleton (Fig. 1). Typically, thicker actin cables were
found around centrally maintained nuclei. When the cells
were starting to elongate, these actin bundles were stretched
parallel to the axis of elongation. Special functional
domains highly enriched in actin were also clearly visible
near cross walls (see also Wojtaszek et al., 2007). This
organization of F-actin was not affected by an inactive
molecule—SAP (compare Fig. 1A with Figs 2A, 3E or 4A).
From among the NO donors, the application of SNAP
evoked the most profound actin reorganization. Previous
in vitro data indicated that the maximal NO release from
SNAP occurs at about 2 h and reaches 30 lM (Floryszak-
Wieczorek et al., 2006). Here, in maize root apices 2 h after
SNAP addition, the orientation of major actin cables
changed to oblique in relation to the apical–basal root axis
and the domains of actin enrichment became precisely
focused at opposite cell corners. Interestingly, when com-
pared with the control, endodermal cells became strongly
depleted in actin at the cross-walls (Fig. 1B). F-actin
reorganization leading to oblique orientation of actin cables
was also induced by other NO-releasing substances, like
spermine NONOate (Fig. 1C) or GSNO (Fig. 1D). It
should be noted, however, that depletion of actin at the
cross-walls was, in both cases, much weaker than that for
SNAP (compare, for example, Fig. 1B and C). In that
respect, these two compounds were similar to SIN-1 and the
ROS-generating system, which also did not change actin
organization at the cross-walls. Even more importantly,
SIN-1 as well as the GO+Glc system did not induce changes
in the orientation of actin cables (Fig. 1E and F,
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SNAP was selected as a NO donor for further experiments.
Reversibility and cell-type speciﬁcity of NO action
To be treated as a signalling molecule, NO should act
transiently, and evoke responses which are cell-type speciﬁc.
These two points have been addressed through the time-course
analysis (Fig. 2) of cellular responses at various growth zones
of maize roots (Fig. 3).
Three time-points have been chosen for microscopic
observations of maize root apex cells. It was assumed that,
at 30 min, the actin organization would only be slightly
changed. The most obvious modiﬁcations should be seen at
2 h, while after 5 h, when most of NO donor is decomposed
(t1/2¼3 h for SNAP in vitro; Floryszak-Wieczorek et al.,
2006), changes in the organization of the cytoskeleton
should become less visible and more similar to the initial,
typical alignment. As a further control, an inactive SNAP
analogue was used to exclude potential changes evoked by
the technical layout of the experiments, for example
additional mechanical stimuli resulting from the shaking of
root samples. As described above, in SAP-treated roots
actin organization in early endodermal cells remained
normal (Fig. 1A) and comparable with controls (Fig. 2A)
while SNAP treatment induced the reorientation of actin
cables and the disappearance of actin labelling at the cross-
walls (Fig. 2B, C). In SNAP-treated cells, actin labelling
revealed characteristic time- and cellular-domain-dependent
patterns. Reorientation of actin cables from parallel to
oblique was a relatively quick and stable response to NO
application as it was visible in samples taken at all time-
points. However, the strength of labelling, reﬂecting most
probably the thickness of cables and the frequency of their
appearance in particular areas of the cell, changed in a time-
dependent manner. It was the strongest at 2 h, and much
weaker both at 30 min and 5 h (Fig. 2B–D). F-actin
enrichment at the cross-walls was opposite. Depletion of F-
actin in those domains progressed from 30 min, being
strongest at 2 h, with subsequent regeneration and estab-
lishment of actin labelling after 5 h (Fig. 2B–D). This ‘cycle’
of actin organization can be disturbed by further addition
of the NO donor. Re-addition of the NO donor after 2 h
(Fig. 2E) and 4 h (Fig. 2F) followed by 2 h incubation
supported the strong oblique orientation of actin cables.
F-actin organization was compared in different root
growth zones and in different cell types within those zones.
Based on the above data, analyses were done on root
samples collected 2 h after SNAP application. No changes
in F-actin could be found in cells of the maize root cap
(Figs 3K, L) and meristematic zone (Figs 3I, J). As
described earlier (see Fig. 1), cells of the maize root
transition zone reacted most strongly to the presence of
exogenous NO, and the observed changes in actin organiza-
tion were basically limited to the axial cell ﬁles which would
develop into the endodermal layer (Fig. 3C–H). Moving
basally along the maize root, visible changes in the
organization of F-actin were noted in the vacuolated cells
of the root elongation zone. The presence of NO evoked the
redistribution of F-actin in parenchymatous cells. The
concentration and pattern of labelling of F-actin situated
along the longitudinal walls were not changed, while those
Fig. 1. Different NO donors evoke reorganization of the actin cytoskeleton in cells of the transition zone of maize root apices to variable
extents. (A–F) Fluorescence micrographs of protoendodermal cell ﬁles of maize root apices treated for 2 h with 200 lM SAP (A), an
inactive analogue of SNAP; compounds releasing NO only: 200 lM SNAP (B), 200 lM spermine NONOate (C), 500 lM GSNO (D);
compound releasing both NO and ıNO2
ı : 200 lM SIN-1 (E), or a ROS-generating system, 200 lM glucose+0.5 U ml
 1 glucose oxidase
(F). Note the differences in the net orientation of actin cables and in the extent of actin labelling at the cross-wall domains. Bars¼20 lm.
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(compare Fig. 3A and B).
NO modulation and action
As plants function in ‘an open system’ with respect to NO
(Yamasaki, 2005), at least several possible mechanisms of
NO generation, both enzymatic and non-enzymatic (Woj-
taszek, 2000; Bethke et al., 2004), have been identiﬁed.
Similarly, two major modes of NO action are usually
recognized: (i) directly as a radical molecule alone or after
transformation into other reactive oxygen/nitrogen species,
and (ii) through speciﬁc modiﬁcation of proteins. Observa-
tions that the organization of actin cytoskeleton might be
NO-dependent raise questions about the origin of NO and
the mechanisms of F-actin reorganization. These were
Fig. 2. NO-induced changes in the organization of actin cytoskel-
eton are reversible. Upon NO action, the normal, net longitudinal
orientation of actin cables (A) changes to oblique (B, C), while
cross-walls became depleted of actin (C). Organization of actin
cytoskeleton returns to normal when the NO donor is completely
used up (D). Maize root apices were treated with 200 lM SNAP,
and samples were collected for immunocytochemical analyses at
0 min (A), 30 min (B), 2 h (C), and 5 h (D) after the addition of the
NO donor. Re-addition of the NO donor after 2 h (E) and 4 h (F)
followed by 2 h incubation resulted in prolonged reorganization of
actin ﬁlaments. Bars¼40 lm.
Fig. 3. Rearrangements of actin microﬁlaments in response to the
presence of NO are cell type- and developmental stage-speciﬁc.
An overview of the variability in the structural actin organization in
cells of various root growth zones is presented. Root apices were
treated with 200 lM solutions of either the NO donor SNAP (right
column) or its inactive analogue SAP (left column). Micrographs are
taken from samples collected after 2 h of incubation. In all images
roots are oriented with the root cap facing the bottom of the ﬁgure.
Endodermal cells are indicated by dashed line (C–H), parenchy-
matous cells with differential actin distribution with asterisks (A, B)
and cross-walls enriched in actin with arrowheads (B). Bars¼40
lm (A–H) or 100 lm (I–L).
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to interfere with either NO metabolism or NO signalling
pathways. 2-(4-carboxyphenyl)-4,4,5,5,-tetramethylimidazo-
line-1-oxyl-3-oxide (cPTIO) reacts stoichiometrically with
NO and acts as an effective NO scavenger, interfering with
all possible modes of NO action. N
G-methyl-L-arginine
(L-NMMA) is a potent inhibitor of nitric oxide synthase
(NOS) in mammalian systems, while sodium nitrite could be
treated as a potential NO source in plants (Bethke et al.,
2004). On the other hand, 1-H-(1,2,4)-oxadiazolo-[4,3-a]qui-
noxalin-1-one (ODQ), an inhibitor of NO-sensitive guanylate
cyclase, and 8-bromoguanosine 3#,5#-cyclic monophosphate
(8-Br-cGMP), a more stable analogue of cGMP, and the
product of this cyclase, both affect the functioning of NO-
dependent signalling pathway(s).
Modulation of NO content in roots resulted in cell type-
and developmental stage-speciﬁc actin reorganization in
maize root apices (Table 1; Figs 4, 5). In the presence of
SNAP, protoendodermal cells of the transition zone reor-
ient F-actin cables and their cross-wall domains become
Table 1. Cells of maize root apices react to the presence of NO modulators in a cell type- and developmental stage-speciﬁc manner
Roots were incubated with respective compounds, and sampled for immunocytochemistry at various time points. Data on changes in the
organization of the actin cytoskeleton in cells of two root zones are for samples collected after 2 h of treatment, when the maximal reaction to
SNAP as the NO donor is normally observed. The observed effects varied from strong (+++) to weak (+). Cases where the organization of actin
remains unaffected are indicated by ( ). Exemplary images illustrating the observed changes are assembled in Figs 4 and 5.
Compound used Root zone Comments
Transition Elongation
250 lM SNAP +++ + Strong reorientation of actin cables in protoendodermal cells; formation of long
actin cables in elongated cells, and cross-wall domains enriched with actin
1 mM NaNO2 + + Slight disorganization of actin in both zones with prevalence of longitudinal actin
cables, but in the elongation zone not so long as in cells treated with SNAP or
8-Br-cGMP
200 lM cPTIO   +++ Complete reversal of SNAP action in transition zone; diffused organization of actin
in elongated cells, and loss of actin labelling at the cross-walls
100 lM L-NMMA + ++ Formation of very short actin bundles in transition zone cortex cells; long, undulated
actin cables, accompanied by a distinct network of shorter microﬁlaments, in
elongated cells; the latter transform into diffused actin after prolonged treatment
50 lM ODQ + +++ Actin reorganizes its orientation in protoendodermal cells, but actin-enriched
domains at the cross-walls are still visible; induction of actin depolymerization in
elongation zone (appearance of ‘clouds’ of depolymerized actin in the basal
part of elongated cells)
100 lM 8-Br-cGMP   ++ Normal actin organization in cells of transition zone; effects in elongation zone
similar to those evoked by SNAP
250 lM SNAP+50 lM ODQ   + Normal organization of actin in protoendodermal cells; slight enrichment in actin
at cross-walls domains in elongated cells
Fig. 4. Organization of the actin cytoskeleton in cells of the transition zone of maize root apices treated with various NO modulators. All
images are for samples taken after 2 h of treatment with: control solution (A), 250 lM SNAP (B), 200 lM cPTIO (C), 50 lM ODQ (D),
100 lM 8Br-cGMP (E), 250 lM SNAP in the presence of 50 lM ODQ (F), or 1 mM NaNO2 (G). Bars¼20 lm.
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this reaction completely as the alignment of actin cables as
well as the actin enrichment of cross-wall domains remained
normal (Table 1; Fig. 4C). Interestingly, differences in the
mechanisms of NO-dependent actin reorganization could be
seen after the application of ODQ when the labelling at
the cross-walls indicated the presence of F-actin while at the
same time the orientation of actin cables became oblique
(Fig. 4D). Parallel application of both SNAP and ODQ, or
treatment with 8-Br-cGMP produced actin organization
resembling the one found in untreated root apices (Table 1;
Fig. 4E, F). In the elongation zone, the presence of
exogenous NO evoked the enrichment of cross-wall domains
with actin and the formation of long actin cables in maize
roots (Table 1; Fig. 5B). Scavenging of NO with cPTIO
induced the appearance of diffused actin labelling (Fig. 5C).
Individual application of two compounds, affecting in
opposite ways the guanylate cyclase-dependent signalling
pathway, induced the formation of different actin arrange-
ments. ODQ, which inhibits the pathway, evoked the
appearance of actin ‘clouds’ suggesting complete F-actin
depolymerization. Interestingly, in maize, these clouds were
always polarly localized at the basal side of elongated root
cells near their cross-walls (Fig. 5E). This might indicate that
actin ‘clouds’ originated from F-actin present at the cross-
wall domains. This suggestion is supported by the observa-
tion that actin ‘clouds’ were not visible in maize root apices
treated with the mixture of SNAP and ODQ (Fig. 5G). On
the other hand, application of 8-Br-cGMP led to the
formation of actin cables, very sharp in appearance, and the
focused actin-enriched domains at the cross-walls (Fig. 5F).
NO, actin cytoskeleton, and vesicle trafﬁcking
Cross-wall domains function as sites of intercellular com-
munication as well as domains of intensive endocytosis and
vesicle recycling (Balus ˇka et al., 2005). Modulation of
F-actin enrichment at those domains by NO suggested that
the process of membrane trafﬁcking might also be impaired.
This was tested in a series of experiments utilizing Brefeldin
A, an inhibitor of vesicular secretion and recycling. As
a probe, anti-boron-cross-linked-rhamnogalacturonan-II
(RG II-B-RG II) polyclonal antibodies, which were pre-
viously demonstrated to enable the observation of endocytic
recycling of wall polysaccharides (Balus ˇka et al., 2002), were
used. In a normal situation, these polysaccharides can be
used for the formation of the cell plate during cytokinesis
(Dhonukshe et al., 2006), while in BFA-treated cells they
are trapped and accumulated within so-called BFA com-
partments.
Maize root apices were treated with BFA and SNAP, and
experimental variants differed by the relative timing of their
application. The most pronounced reactions to treatments
were found in cortex cells of the transition zone (Fig. 6).
Two parameters, namely cell area covered with BFA
compartments, and the number of BFA compartments per
cell were analysed for statistically signiﬁcant differences
with one-way analysis of variance-on-ranks according to
Kruskal–Wallis, followed by pairwise comparisons with the
Mann–Whitney U-test. BFA alone induced the formation
of big BFA compartments, usually 2 per cell. Slight
labelling of newly formed cell plates was also observed
(Fig. 6B). Relatively large BFA compartments were seen in
root samples subjected to BFA+SNAP treatment as well as
in treatments where BFA was applied 1 h before addition of
SNAP (Fig. 6C and D, respectively). Interestingly, in the
latter case, the labelling of cell plates was basically not
discernible. On the other hand, when BFA was added 1 h
after SNAP application, relatively high numbers of much
smaller vesicular structures were observed, and a strong
labelling of the newly formed cell plates was clearly visible
(Fig. 6E, F). Statistical image analysis indicated (P <0.01)
Fig. 5. Organization of the actin cytoskeleton in cells of the elongation zone of maize root apices treated with various NO modulators. All
images are for samples taken after 2 h of treatment with: control solution (A), 250 lM SNAP (B), 200 lM cPTIO (C), 1 mM NaNO2 (D),
50 lM ODQ (E), 100 lM 8Br-cGMP (F), 250 lM SNAP in the presence of 50 lM ODQ (G) or 100 lM L-NNMA (H). Bars¼20 lm.
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ments decreased after the addition of the NO donor, and
the level of this decrease is dependent on the relative timing
of BFA and SNAP application (Fig. 7A). The largest
change was observed in roots treated with SNAP 1 h before
the addition of BFA. The presence of NO also affected the
number per cell of vesicular structures formed. The effect
was dependent on the relative timing of the application of
the two compounds. As with the percentage of cell area
covered by vesicular structures, in the case of their number
the application of SNAP 1 h before the addition of BFA
produced the strongest effects, visible as a large number of
relatively small compartments (Figs 6E, F, 7B). In sum-
mary, the presence of NO modulated the organization of
actin cytoskeleton in such a way that some actin-dependent
processes, like endocytic vesicle formation and the genera-
tion of BFA-induced membraneous compartments, pro-
gressed in different ways. In addition, observations of the
newly formed cell plates indicated that actin-dependent
directional transport of vesicles and the release of wall
polysaccharides might also be affected.
Discussion
Our data reveal for the ﬁrst time that the presence of NO
affects the organization of the actin cytoskeleton and endocy-
tosis in plants. They support the notion that dynamic F-actin
acts as a downstream effector of NO signalling affecting on
endocytosis and vesicle recycling.
Before we embarked on our study, there were only very
few hints in the plant literature, based, for example on
proteomic data (Lindermayr et al., 2005), that the actin
cytoskeleton could be the target of NO signalling or NO-
driven protein modiﬁcations. Surprisingly, information on
the role of NO in vesicle trafﬁcking was even more limited
(and for animal models) with some indications that
modiﬁcation of dynamins (Wang et al., 2006a; Kang-
Decker et al., 2007) and annexins (Kuncewicz et al., 2003;
Lindermayr et al., 2005) might be important. Previous
observations also suggested that the tip growth of both
pollen tubes and root hairs is actin-dependent (Balus ˇka
et al., 2000) and regulated by NO (Prado et al., 2004;
Lombardo et al., 2006).
In the present study, the focus was on root apices for
several reasons. Firstly, it is quite well established that both
root formation and root growth are dependent on NO
(Sto ¨hr and Ullrich, 2002). Secondly, abundant data have
been accumulated on root cell development in connection to
the cytoskeleton and vesicle trafﬁcking (Balus ˇka et al.,
2001b). Thirdly, plants function in ‘an open system’ with
respect to NO (Yamasaki, 2005). Thus, plant roots have to
cope with probably the most diverse array of NO origins,
including the apoplast (Bethke et al., 2004), and adjust their
own enzymatic and chemical sources of NO (Gupta et al.,
2005) to enable proper NO signalling events. This is also
shown in this paper. Comparative analysis of actin re-
organization evoked by various NO sources, particularly
SNAP and NaNO2 indicates that these two NO sources
affect the functioning of protein targets in a different way
Fig. 6. The presence of NO affects membrane trafﬁcking and recycling of cell wall polysaccharides in the transition zone of maize root
apices. Vesicle trafﬁcking was analysed through the application of Brefeldin A, while turnover of wall material was detected with
polyclonal antibodies speciﬁc for boron-rhamnogalacturonan II complexes. Addition of the NO donor was considered as time point zero.
All the images are for SNAP (A) and BFA-treated samples collected after 2 h of treatment. Roots were treated with either 100 lM BFA
alone (B) or both BFA and 250 lM SNAP added at the same time (C), with BFA added 1 h before SNAP (D) or BFA added 1 h after
SNAP (E, F). Newly formed cell plates are indicated by arrows while BFA compartments by arrowheads (F). Bars¼40 lm.
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other hand, relatively weak effects evoked by the applica-
tion of L-NMMA (Table 1; Fig. 5H) might also suggest
that the multiplicity of NO origins provides much required
redundancy and stability of NO signalling required for
normal root functioning.
The experimental increase of NO levels in cells of maize
roots has dramatic but reversible impacts on the actin
cytoskeleton assembly and organization. This NO-induced
F-actin reorganization shows cell type-, cell development-,
and subcellular domain-speciﬁcities. The most prominent
changes were observed in endodermal cells of the transition
zone where axial transcellular cables shifted into oblique
positions and F-actin was depleted from the non-growing
end-poles (cross-walls) that have been shown to secrete
auxin via endosomal vesicle trafﬁcking (Balus ˇka et al., 2005;
Schlicht et al., 2006; Mancuso et al., 2007). By contrast, no
changes to labelling of F-actin were observed under the
longitudinal side-walls, in root cap cells, and in meriste-
matic cells. There are several potential explanations for such
cell-type speciﬁcity of NO action, two of which seem to be
the most plausible. To function as a universal signal, NO
has to be transported in the plant either as a signal itself or
as a precursor/transporting molecule (Capone et al., 2004;
Valderrama et al., 2007). In axial organs, the endodermis
might function as a cellular mediator providing a connection
between the vascular system and the cortex. Importantly, in
this respect, NO has also been implicated in xylem for-
mation (Gabaldo ´n et al., 2005). Such a role of the
endodermis might be partly related to the control of
nitrate/nitrite uptake by roots and the use of these nitrogen
sources for enzymatic NO generation. This, in turn, would
create ‘NO hot-spots’ (Neill et al., 2008b) of compartmen-
talized protein modiﬁcation (Iwakiri et al., 2006) which can
be sensed either by actin itself or by actin-associated
proteins. It has already been suggested for yeast (Farah
and Amberg, 2007) and animal cells (Aslan et al., 2003) that
the actin cytoskeleton could function as a sensor of
oxidative or nitrosative stress.
Another possible role of endodermal cells is related to the
biochemistry of the source–sink relation of sucrose transport.
Carbon skeletons need to be transported to the growing root.
It has recently been shown that at least some transported
sucrose is taken up by sink cells via endocytosis (Etxeberria
et al., 2005). Thus, modulation of actin organization in the
endodermis by NO might constitute a mechanism for the
regulation of radial nutrient trafﬁcking in roots. It should be
remembered, however, that the actin cytoskeleton controls
endocytosis and exocytosis, as well as vesicle trafﬁcking.
Based on data from studies on animal cells, it is known that
NO effectively regulates several proteins critical for the
assembly and dynamicity of both tubulin and actin-based
cytoskeletons, as well as the vesicle trafﬁcking machinery
through post-translational protein modiﬁcation (Matsushita
et al., 2003; Wang et al.,2 0 0 6 a; Kang-Decker et al.,2 0 0 7 ) .
NO might therefore directly affect actin or some actin-
binding proteins. Alternatively, NO might primarily affect
molecules of the vesicle trafﬁcking apparatus and alterations
Fig. 7. The presence of NO affects endocytosis, and endocytic
vesicle formation and trafﬁcking in cortex cells in the transition
zone of maize root apices. The treatment of root apices was
identical to that described in Fig. 5. Roots were subjected to
BFA+SNAP treatments differing in the relative timing of the
application of the compounds: BFA was applied 1 h before SNAP
(BFA( 1)_SNAP), simultaneously with SNAP (BFA_SNAP) or 1 h
after SNAP (BFA(+1)_SNAP). Following treatments, roots were
sampled 2 h after the application of SNAP, processed for
immunochemistry, and the images collected were analysed
statistically with the Kruskal–Wallis test and the Mann–Whitney
U-test for the number and total size of BFA compartments formed.
Roots treated with BFA alone were considered as a control in the
Mann–Whitney U-test. Experimental variants that do not show the
statistically signiﬁcant difference according to the Kruskal–Wallis
test are indicated by asterisks. (A) Total size of BFA compartments
expressed as a percentage of the cell area. (B) The number of BFA
compartments per cell. Each bar represents the mean of the
measurement series, error bars represent the SE.
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effects. Unfortunately, our data do not allow us to make any
ﬁnal conclusions in this respect. The most realistic scenario is
that both vesicle trafﬁcking and actin cytoskeleton molecules
are modiﬁed by NO in root cells.
For proper functioning, the actin cytoskeleton needs to
be anchored somehow in the surrounding walls (Balus ˇka
et al., 2003). Our previous observations indicate that this
anchorage is sensitive to mechanical disturbance and is
differentiated depending on the wall domains surrounding
individual protoplasts (Wojtaszek et al., 2007). Here, it is
suggested that the endodermis might also function as
a sensor of the mechanical environment which acts through
NO signalling mechanisms. Several possibilities exist. It is
known for animal cells that the polymerization state of the
cytoskeleton can regulate the activity of the NO-generating
enzymes (Witteck et al., 2003) or that NO can regulate
cellular activities through cytoskeleton disruption (Ingram
et al., 2000; Banan et al., 2001; Krepinsky et al., 2003). It
has also been demonstrated that, in Arabidopsis, mechanical
stress elicits NO formation (Garces et al., 2001). It thus
seems reasonable to suggest that the endodermis, also due
to its specialized wall domains, might function as one of the
mechanical integrators of growing roots.
It seems that quite interesting divergence of NO functions
could be observed in plants. NO is deeply involved in the
initiation, formation, and development of root systems
(Sto ¨hr and Ullrich, 2002) and, in that respect, it is engaged
in intensive cross-talks with auxin signalling pathways
(Pagnussat et al., 2003, 2004; Lanteri et al., 2006). On the
other hand, it looks like NO signalling is not essential for
shoot formation and growth, although it is important for
the shoot apex during its transition into sexual plant organs
(He et al., 2004). Increased NO production is induced by
environmental stimuli, but NO is also produced constitu-
tively. It thus may integrate both external and internal cues
into the ﬂoral decision. The crucial question is, what is the
signal transduction pathway via which NO controls such
fundamental events as root formation and growth, as well
as the onset of ﬂowering.
Previous studies revealed that during adventitious root
formation NO acts downstream of auxin signalling (Pagnus-
sat et al., 2003, 2004; Lanteri et al., 2006). Moreover, NO is
also downstream of nitrate-mediated effects on root forma-
tion and growth (Gouvea et al.,1 9 9 7 ;Z h a oet al., 2007) and
Rhizobium nodule formation (Pii et al., 2007). As initiation of
lateral root primordia, which is mediated by nitrate supply, is
linked to auxin transport from the shoot to the root (Guo
et al., 2003), and also exogenous auxin induces NO for-
mation in root cells (Kolbert et al., 2008), NO emerges as an
integrator of several signalling cascades interlinking exoge-
nous and endogenous cues that converge on auxin signalling
to control diverse aspects of root biology. However, in the
roots NO itself could act in different ways, either as a signal-
ling or a modifying molecule.
Our study allowed us to discover that the actin cytoskel-
eton acts as a downstream effector of NO signal trans-
duction in root cells. This ﬁnding may have important
consequences for situations such as actin-dependent vesicle
trafﬁcking during papilla formation in plant cells under
pathogen attack, in which NO signalling alters cell polarity
or have impacts on cell growth and morphogenesis. On the
other hand, changes in the vesicle trafﬁcking and the
formation of BFA-compartments, demonstrated in this
paper, suggest that there should be more downstream
effectors of NO action, acting either in parallel or in series
with actin or actin-related proteins. It is thus worth noting
that such a putative link has been revealed recently,
implicating NO in the control of phospholipid signalling,
both during adventitious root formation (DiSte ´fano et al.,
2008; Lanteri et al., 2008) and in plant defence responses
(Laxalt et al., 2007). NO was shown to evoke the
accumulation of phosphatidic acid (PA) via activation of
either phospholipase D or the phospholipase C and
diacylglycerol kinase pathways. Interestingly, in that re-
spect, phospholipase Df2 has been shown to regulate vesicle
trafﬁcking (Li and Xue, 2007) and polar auxin transport
(Mancuso et al., 2007), while PA was indicated as a putative
regulator of actin binding protein in Arabidopsis (Huang
et al., 2006). As annexin, another PA-binding protein, has
been identiﬁed through proteomic studies of animal (Kun-
cewicz et al., 2003) and plant (Lindermayr et al., 2005)
systems as a potential target for S-nitrosylation, these data
suggest the existence of a tightly regulated intertwined
signalling network between auxin, nitric oxide, phospholi-
pids, and the actin cytoskeleton controlling various aspects
of the functioning of root cells.
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